Abstract -This paper introduces a level 3 charging system which aims to reduce the charging time to less than 15 minutes with 350 kW charging power. Two architectures of a fast charging station based on the isolation requirement through low and high-frequency transformers are introduced and discussed. Focusing on the DC-DC charging stage, this paper also provides a detailed comparison of the Dual Active Bridge (DAB) converter and the Interleaved Buck Converter (IBC), which are considered as two of the most suitable converters that can serve as a fast DC charger. Technical evaluation and comparison based on different performance indices such as volume, efficiency, number of components etc. as well as simulation of the two converters are presented. Finally, comparison results are introduced and a final discussion and conclusion are presented on which topology seems more optimum to be used as a fast DC charger.
I. INTRODUCTION
Nowadays, Electric vehicles (EVs) are gaining significant attention as an environmental-sustainable and cost-effective solution when compared to fossil-fuel conventional cars. However, one of the main challenges to their large-scale implementation is the long charging time. Despite the enormous benefits of EVs, long charging time and lack of charging facilities are two of the major barriers that are preventing the large-scale penetration and spared of EVs. Consumers are still more inclined to use conventional cars as it takes 2 to 5 minutes to refuel an internal combustion engine vehicle (ICEV) while the charging process of an EV battery takes around 4 to 20 hours using current residential (Level 1) and some public (Level 2) charging options [1] . Hence, the widespread and adaption of EVs will be directly related to the development and availability of fast chargers which should recharge EVs in reduced times (e.g. <15 minutes). In particular, fast chargers or else, known as (Level 3 or off-board charger), are installed outside the vehicle and hence the name "off-board", mainly in public places [1] . For the purpose of reducing the charging time, the power rating of Level 3 chargers is usually classified as any charging power higher than 36 kW as detailed in Table 1 [1] , [2] . CHAdeMO and CCS Combo, which are the two most common worldwide standards of Level 3 charging, announced the development of 350-400 kW charging protocol by 2020 [3] , [4] .
Furthermore, the architecture of a fast charging station can be either recognised by using an AC bus, where each charging unit has its independent ac-dc stages; or alternatively using a single ac-dc stage with a higher power rating to offer a common DC bus for various loads (i.e. EVs). The latter is a more feasible solution as the EV batteries are inherently DC, resulting in minimising the cost, size and increasing the efficiency of the overall system. In addition, this configuration simplifies the integration of renewable energy sources (RESs) and battery energy storage systems (BESs) into the charging station [5] , [6] .
One of the main requirements of a fast charging station, defined by the Society of Automotive Engineers (SAE) standard, is the galvanic isolation between the distribution grid and the battery pack [7] . This can be achieved by two different architectures: either 1) through using a low-frequency (LF) transformer at the input side or 2) through the implementation of high-frequency (HF) transformer included in the DC stage by means of isolated DC-DC converters [8] .
A central converter (AC-DC) stage performs the grid connection and the DC bus voltage regulation tasks. Once performed, each fast-charging unit must then be equipped with high power DC-DC converters. These converters play a vital role in achieving a satisfactory efficiency of the system and minimising the charging time. Therefore, highly efficient converters should be selected in order to reduce the loss in the process of power transfer to the battery pack and additionally reducing the charging voltage and current ripples to prevent possible damage to the battery [2] , [9] . The output voltage of the converters is regulated depending on the type of the EV battery to charge the battery pack.
Depending on the selected architecture to meet the isolation requirement, many isolated and non-isolated converters have been implemented as a fast DC charger unit [10] , [11] . Two of the most suitable isolated and non-isolated converters for such a high-power application are the dual-active bridge (DAB) and the interleaved buck converter (IBC) converters, respectively [8] . These two particular converters, when compared to other available power electronics topologies, can attenuate the severe electrical constraints such as the required high output current and the high DC bus voltage at the input and output sides, respectively, as well as enabling bidirectional flow allowing for vehicle-to-grid (V2G) service [8] .
The aim of this paper is to through study these two converters and compare them in terms of different performance indices such as volume, efficiency, number of components etc. as well as analysing the advantages and drawbacks of the two topologies. Various quantities need to be considered for the design of power electronics converters, which are termed as 'performance indices' as shown in Fig.1 . Their continuous improvement is one of the main design objectives for future (off-board) EV chargers. A summary of the performance indices is presented below:
1) Power Losses (Efficiency):
The efficiency considered as the main comparison quantity and gaining more importance to other quantities. The efficiency of a converter is expressed as:
where Po is the output power and Pi is the input power. Efficiency is directly affected by power losses which in turn affected by three main sources: semiconductors devices, passive components, and auxiliary components. Losses result by the semiconductor devices can be divided into two parts, switching, and the conduction losses. The switching losses are directly related to switching frequency, i.e. increasing the switching frequency results in increasing the switching losses. However, designers tend to use high frequency to reduce the size of the passive components [12] , [13] . Hence, soft-switching techniques are normally employed aiming to reduce the switching losses with high switching frequency operation. The passive components, such as inductors and capacitors, results in almost 20% of the total losses [14] . Hence, the less the number of passive components the less is the losses. Auxiliary losses defined as the total losses of the power supply of the cooling system, the digital control, and the power semiconductor drivers. A lower weight, volume and cost are achieved by reducing the cooling requirements and the number of semiconductor devices [13] , [15] .
2) Volume (Power Destiny) and Weight (Specific Power):
Power density represents how compact a converter is, whereas the specific power represents the nominal power of a converter in terms of weight. Multiple advantages result from a low converter volume and weight such as simple handling, installation and maintenance of the converter [15] . Lower weight and consequently lower cost converter can be achieved by increasing the switching frequency which results in reducing the size of passive components [13] .
3) Failer Rate (Reliability):
Reliability is defined as the ability of a system or component to perform its required functions under a stated condition for a specific period of time. The reliability of a system is increased by increasing the number of components. However, this results in higher weight and cost of the system. Hence, a trade-off analysis is required [13] .
4) System Cost (Relative Cost):
The system cost of a high-power converter is typically high due to the use of efficient and high power rated devices. The lower the number of components the lower is the system cost. A qualitative measure to determine the overall system cost can be expressed by the 'relative cost' as follows [13] :
where , is the nominal power and is the total cost of a system. 
B. Wide Band-Gap Devices:
Wide band-gap semiconductors present superior material with well improved physical limits when compared to current Silicon (Si) technology such as high-voltage capability, low onstate resistance, high switching speed and temperature operation. Currently, the two-promising wide band-gap semiconductor devices are the Silicon Carbide (SiC) and Gallium Nitride (Gan) [16] . The implementation of these new power semiconductor devices will introduce an improvement in the operation of existing power converters and surely new power converters resulting in an increase in the efficiency of the converter. Operating converters in hard-switching with a few hundred kilohertz using Si devises is only possible by employing soft-switching techniques whereas it is feasible with using wide band-gap devices. Higher efficiency is achieved with wide band-gap devices due to the low voltage drop across the devices, as a result of the small on-resistance of the device, resulting in low conduction losses. Switching losses are also minimised due to the short switching time of the device [16] , [17] .
III. CHARGER STRUCTURE AND TOPOLOGIES
Due to the high power demand absorbed from the grid and in order to cope with the challenge of fast charging multiple EVs simultaneously, one solution is to connect the charging station system to a medium voltage (MV) grid connection [5] , [18] .
The classical approach for the conversion form AC-DC (or DC-AC e.g. bidirectional power flow) is to employ an LF transformer and a rectifier/inverter as the first conversion stage, as shown in Fig. 2a . As the input voltage of the charging system is in several kVs, the AC/DC stage should withstand the high input voltage with low power losses. Multilevel converters would be the best candidate to interface with the grid due to their capabilities of withstanding high input voltage [19] , [20] . This AC-DC conversion stage guarantees power factor correction and produces a constant high output DC bus voltage for the second conversion stage. The second conversion stage in this configuration can be a non-isolated converter type. The alternative architecture of a fast DC charging station is shown in Fig. 2b . An isolated converter is employed as the second conversion stage to perform the isolation requirements through an integrated HF transformer whereas the first AC-DC stage remains the same as the first architecture. However, a higher rated AC/DC converter is required to withstand the high input voltage [2] , [21] . The first conversion stage (AC-DC) is out of the scope of this paper and will not be discussed any further. IV. THE FAST DC CHARGER SPECIFICATIONS In addition to the general aforementioned comparison quantities, some other important requirements and factors must be considered when designing a fast DC charger. The first essential requirement of a charger is the ability to provide a wide dc output voltage to interface different types of EVs occupied with different battery technologies as well as the ability to regulate the output voltage according to the voltage of the EV battery pack. The voltage range of future 350 kW fast DC chargers is 200-920 V [3] , [22] . The second requirement is the electrical quantities (voltage and current) ripples as the output of the converter which is set to a very narrow value to guarantee secure operation of the converter and prevent any damage to the connected battery pack [23] . In fact, the maximum current and voltage ripples are set at 5% and 1% of the nominal value, respectively [2] , [11] , [24] . Another requirement is the ability to deliver high power to reduce the charging time to less than 15 minutes. These requirements would require a higher number of semiconductor devices to share the high current and voltage.
The DAB and IBC topologies were found the most suitable converters that are capable of meeting the above requirements [8] , [11] . These two converters are compared, and the best topology is chosen based on several aspects: efficiency, converter volume, the number of components, current ripple, and control complexity. A resistive load has been considered, as the main purpose of the paper is to compare the performance of the two converters in terms of operation, efficiency, etc. Hence, the model of the battery is not required at this stage.
The switching frequency will determine the size of the passive elements and losses in the semiconductor devices, while the right components can help in reducing the losses. A switching frequency of 50 kHz is considered for the two converters in this paper, which is reasonable when high power SiC devices are utilised. A commercially available B6C (CAS300M17BM2) SiC module is considered to be used for both converters in this study [25] .
The specifications of the fast DC charger module are summarised in Table 2 Battery Voltage Ripple (peak-peak) < 1%
Inductor current ripple (peak-peak) < 5%
V. DESIGN OF THE DC-DC CONVERTERS BASED ON THE DAB AND IBC TOPOLOGIES

A. Design of DAB Converter:
The Dual Active Bridge (DAB) is one of the most promising DC-DC circuit topologies for high power applications [26] . The series and/or parallel connections of multiple DABs enable to increase the current and power making this topology feasible for high power charging applications (e.g. fast DC chargers). One of the main advantages of the DAB converter is the galvanic isolation which is provided within the converter by means of an HF transformer. Hence, no bulky line frequency transformer is needed in the front-end of the charging system. Fig. 3 shows the schematic diagram of the bidirectional DAB converter with SiC MOSFET as switching devices. The converter consists of two active full bridges linked with an inductive element where the first side operates as an inverter and the second side operates as a rectifier. The energy transfer leakage inductor L1 is used as the main energy storage and transfer element between the two bridges [27] , [28] . For a battery charging application, a DAB converter can operate as a buck converter to transform the bus voltage to charge the battery and on the contrary, operate as a boost converter transforming the battery voltage to the bus voltage when discharging [29] . The amount of power being transferred PD and the direction of the current is determined by the phase shift d between the primary V1 and secondary V2 voltages. In addition, other parameters that are affecting the power transfer are the transformer turn ratio N, the leakage inductor L1 and the f switching frequency [27] .
where L is the sum of the transformer leakage inductance L1 and the auxiliary inductances of the transformer. Figure 3 Topology of DAB converter [30] From the previous equation, it can be derived that the maximum amount of transferring power occurs when = 0.5. However, operating the converter at the maximum phase-shift e.g. = 0.5 (90°) results in high reactive currents flowing through the converter and consequently reducing the efficiency of the converter due to power losses of power devices [30] .
An output capacitor Cout is employed to smooth out the output voltage, which can be calculated as follows:
Three main modulation techniques can be applied to DAB converters, namely, single-phase-shift (SPS), extended-phaseshift (EPS) and dual-phase-shift (DPS) control. However, the most commonly used control technique for DAB is the SPS control due to its advantages of simple control, high dynamic and small inertia [27] . Each bridge of the DAB converter is driven by a 50% duty cycle square voltage waveform. The resulted output V1 and V2, which are the equivalent ac output voltages of full-bridges H1 and H2, respectively, and the inductor current iL of the DAB converter are shown in Fig. 4 . The maximum allowable leakage inductance value of the DAB converter can be calculated from (4), which is set as at 80% of Lmax to ensure sufficient bandwidth of the duty cycle [28] . Considering a switching frequency of 50 kHz, this yields the final design value of = 41.14 . At this value of leakage inductor, the phase shift is calculated from (3) to be as = 0.28.
The HF transformer is the main component in the design of an isolated converter. A transformer with Amorphous material was selected due to its high saturation flux density Bsat presenting the best balance between cost losses per unit volume, operating temperature, and availability when compared with other magnetic materials such as ferrite and Nanocrystalline [31] . All the data needed to design the HF transformer and the calculated parameters of the transformer are summarised in Table 3 . The DAB converter and the parameters of the HF transformer were simulated and calculated off-line using MATLAB. The gate signals of the two bridges operating at 50% duty ratio, implemented with SPS modulation are shown in Fig. 7 and Fig. 8, respectively . The output voltage at the full load is at around 498 V with a peak to peak ripple voltage of 2.8 mV. The transformer losses are calculated according to [32] and are summarised in Table 4 . 
B. Design of IBC Converter:
A different approach to an off-board charger at the input stage of the system is through using an LF transformer wherein such case, non-isolated converters can be employed as a DC charger. Typically, at low power application, the buck converter can be used to step down the input voltage, which is however not feasible for high power applications. Instead of using an over-sized single-phase converter, multiphase interleaved buck converters (IBC) can be employed for high current applications due to its advantage of sharing the output current between the number of phases N resulting in lower rated inductors and power switching devices. Moreover, the efficiency of the converter is typically high due to the fact that fundamental frequency is multiplied by N resulting in a higher system frequency, improved transient response, smooth output current with low ripple and low EMI and output filters size [33] , [34] . However, as the number of phase's increases, the number of active switches, cost, weight, complexity, and size also increases. Figure 9 Topology of three-phase IBC [6] Hereafter, a three-phase buck converter is considered in this paper as shown in Fig. 9 . The upper and lower active switches of each phase operate in a complementary manner and each phase is shifted by 360°/N from one another. In this case, the switches have a phase shift of 120° between them with 50 kHz switching frequency.
The passive components of the three-phase IBC converter are designed and calculated according to the specifications of the fast charger shown in Table II . The converter is assumed to be operating under continuous conduction mode (CCM) as the operation in discontinuous conduction mode (DCM) yields to vital limitations in high current applications especially on active components as well as high core losses in inductors [35] . The output inductor value per phase can be obtained from (6) as follows:
where f is the switching frequency, D is the duty cycle of the converter and is the current ripple of each phase. Considering the advantage of current cancelation in the IBC ,which results in a low output current, a current ripple of = 25 was selected for each phase to minimise the size of the inductor [36] - [38] . This leads to an inductance value of = 233. 33 per phase.
The output capacitor at the charger output furthermore smoothes the output charging current and satisfy the required voltage ripple of >1%. The minimum output capacitor is calculated using (7), where is the ripple current of a single phase of the converter.
Figure 10 3-phase inductor currents of IBC
The inductor currents of each phase of the converter, shifted by 120° from each other as shown in Fig. 10 . It can be seen that the current is equally shared between each phase with an average value of 46.6 A, which corresponds to the total output current of 140 A divided by N (i.e. N=3 in this paper), and a peak-to-peak ripple value of 25 A. The total output current due to the cancellation effect of summing up all the three-individual phase inductor current is shown in Fig. 11 resulted in reducing the output inductor ripple to 6.4 A. This ripple is further reduced to 0.1145 A by the output capacitor at the load side. Fig. 12 shows that the output voltage at full load, which is around 500 V with a peak to peak ripple voltage of 1 mV, which is way less than the value specified of 10 mV due to the interleaving technique.
VI. COMPARISON AND DISCUSSION
The DAB and IBC converters are compared considering the performance indices aforementioned utilising the same rated semiconductor devices and switching frequency of 50 kHz providing the same output power of 70 kW. Table 5 shows a quantitative comparison between the two converters, in which some features of each converter are presented. The IBC required merely a 16 µF output capacitor in order to regulate the output voltage and filter out the ripple. This is due to the current ripple cancellation, resulted from the interleaving technique, as well as the output inductors since they are directly connected to the load. On the other hand, a bulky capacitor of 280 mF is required in the DAB converter. Ideally, to ensure the battery is efficiently charged and its lifetime is not affected, the output current ripple and the output voltage ripple of the converters should be minimum. These two factors can be easily achieved and were significantly lower in the simulation results of the IBC converter.
Due to the current sharing technique in the three-phase IBC, three output filter inductors of 233.33 µH minimally rated at 47 A are required, while the leakage inductor of the DAB converter is 41.14 µH and rated at a minimum full output current of 140 A. The magnetic elements such as the transformer and inductors have the most effect on the volume and weight of a converter. Hence, even though, IBC converter requires 3 inductors, the overall volume and size of the transformer considerably outweigh the volume and weight of the DAB converter.
Moreover, with the aforementioned advantages of SiC devices, IBC converters can relatively operate at very high switching frequency (e.g. > 300 kHz) resulting in further reduction the output filter components (equation (6)), whereas the nominal frequency of the HF transformer within the DAB converter is usually limited to < 120 kHz, especially for high power converters, due to the electromagnetic compatibility (EMC) and harmonic emissions [39] .
In terms of the number of active switches, the DAB converter has more switches than the three-phase IBC converter. The active switches of the DAB converters must be rated and withstand the highest current in the converter in case of bidirectional power flow, whereas the switches in the IBC converters is usually minimally rated at / , where N is the number of phases. As some immediate consequences, the cost and the conduction losses are significantly lower in IBC when compared to DAB due to the current sharing between the phases.
Moreover, in addition to the conduction and the switching losses, DAB converter suffers from the HF transformer losses in high current applications resulting in reducing the overall efficiency of the converter. Contrarily, the efficiency of the IBC is only affected by the conduction and the switching losses where in which is the conduction losses is lower due to the current sharing feature as highlighted earlier.
The DAB converter as mentioned provides the advantage of galvanic isolation by means of HF transform in the DC-DC converter stage, which results in eliminating the need for a bulky LF transform in the front end of the charging system. However, deviation from the nominal conditions (e.g. output voltage) in which the HF transformer was initially designed for, would result in reducing the system efficiency. Hence, for wide input/output voltage variation applications, the use of DAB converter is limited due to this disadvantage [40] , [41] .
Moreover, the semiconductor devices of the AC/DC converter stage must be highly rated due to the connection of the MV grid without the use of up-front LF transformer.
Hence, since an LF transformer seems necessary in the front-end of a high-power charging system, a non-isolated converter such as the discussed IBC is preferable to serve as a dc charger due to its compactness, reliability, efficiency and relatively simple control when compared to other candidates of high-power topologies.
In addition, for a modular configuration of the dc chargers in order to obtain high charging output current and consequently reduce the charging time, the rated power of a single cell DAB converter is limited due to the power stress on the semiconductor devices and the conduction losses. On the other hand, a higher power can be achieved with less number and a lower power rated components by means of a single cell of an IBC with multiple phases as the output current is separately shared over the different converter phases. This configuration would result in a better efficiency and less number of components when compared with a modular DAB configuration. In addition, the output power can be further enhanced by connecting multiple cells of an IBC in a modular output parallel configuration.
VII. CONCLUSION
For a fast DC charger, considerable several requirements must be taken into accounts such as high power, isolation, low current and voltage ripples etc. In this paper, the two most suitable high-power converter, DAB, and IBC are introduced, analysed, simulated and compared in terms of multiple criteria by using state-of are switching devices e.g. SiC modules. In addition, the strengths and weaknesses of both fast charging architecture approaches have been analysed and discussed.
Based on the discussion, the IBC, when compared to the DAB, is found to be the optimum candidate combining the requirement of a DC charger, in particular, simplicity, high efficiency, very low current ripple and a low number of components.
